The contribution of diet to blood manganese concentrations in coastal rural and urban pregnant women in South Africa is explored.
Environmental Impact Statement
In African continent, including South Africa, there is a paucity of research on prenatal exposure to manganese, health outcomes and risk factors. This study investigates manganese levels at the time of delivery in two cohorts of pregnant women residing in rural and urban coastal settings of South Africa and examines birth outcomes and environmental factors that could influence manganese levels in the study population. Significant prenatal exposure to manganese was observed among rural and urban coastal South African communities.
Indications are that coastal rural populations in South Africa are at greater risk of manganese exposure during pregnancy. Study highlighted the need to investigate possible co-exposure to a mixture of toxicants, e.g. lead.
Introduction 29
Manganese (Mn) is an essential trace element required for a variety of biological processes, with human body maintaining stable tissue levels of
30
Mn through strict homeostatic control of both absorption and excretion 1, 2 . As an essential metal, Mn is involved in the formation of bone, and 31 in the metabolism of amino acids, cholesterol and carbohydrates. Mn is required in various metalloenzymes including arginase, glutamine 32 synthetase, phosphoenolpyruvate decarboxylase, and superoxide dismutase [SOD -the principal antioxidant in mitochondria] 1, 3 . Furthermore,
33
Mn assists in the maintenance of healthy reproductive, nervous and immune systems, and is involved in blood sugar regulation, blood clotting 34 and the formation of cartilage and lubricating fluid in the joints 4 .
36
The brain is a critical target organ for Mn deposition as Mn crosses the blood-brain barrier (BBB), and this is the first step in the pathogenesis of 37 the neurotoxicity of Mn. In occupational settings, excessive exposure to Mn via inhalation has been shown to have detrimental effects on the 38 lungs and to accumulate in the brain, causing irreversible brain disease, to some extent similar to Parkinson's disease (PD) [5] [6] [7] . 39 
40
It has been shown that pregnant women, foetuses, neonates and young children are known to retain Mn to a greater extent than the general adult 41 population. In utero, foetal uptake of Mn is influenced by maternal levels and by active placental transport of Mn from the mother to foetus. It is 42 understood that Mn absorption during pregnancy is greatly influenced by maternal iron status as iron deficiency increases absorption of Mn due 43 to the divalent metal transporter 1 (DMT1), the primary non-heme iron transporter in the intestine, which transports not only iron but also Mn and other trace elements. Women with low iron stores absorb about 5% of dietary Mn versus 1% in women with normal iron levels 8 . It is of 45 concern, given the fact that iron deficiency anaemia during pregnancy is common worldwide, particularly in less developed areas of the world 9 .
46
Very few studies have examined the effects of maternal Mn levels during pregnancy on birth outcomes. It has been shown that due to the active transport of Mn across the placenta, levels of Mn in cord blood are higher than those in the maternal blood at delivery [10] [11] [12] [13] . From each woman, a volume of 10 ml of venous blood was collected into BD Vacutainer tube (10 ml capacity and containing EDTA) before 96 delivery, and 10 ml of umbilical cord blood were collected post-partum. Cord blood Mn levels were available for the rural cohort only (n=302). 
2.4.Statistical analyses

111
The goal of the analysis was to determine differences in maternal blood Mn concentrations between the rural and urban groups and to account 112 for dietary and selected environmental factors attributing to these differences. All maternal blood Mn measurements were converted to their
113
natural logarithmic values in order to normalise the positively skewed blood Mn levels. Normally distributed variables were presented as mean
114
and standard deviation (± SD). Low birth weight was defined as a birth weight of less than 2500g. Statistical analyses using the chi-square test
115
and Kruskal-Wallis rank test were performed as appropriate across the study sites. The relationships between cord MnB and maternal MnB 116 levels, cord PbB and maternal PbB levels and maternal MnB and maternal PbB levels were examined using Spearman correlation coefficients.
117
To assess variables or factors that were significantly associated with maternal blood Mn levels, univariate and bivariate regression analyses were 118 performed on the demographic, diet and lifestyle, environmental and birth outcome variables against log-transformed Mn blood levels. These 9 variables were included a priori and were based on biological plausibility. Covariates were added, one at a time, to the model that were 120 associated with MnB levels in the bivariate models (P<0.10), thereby minimising collinearity. For model building we used all eligible study 121 participants with complete maternal blood manganese concentrations at delivery excluding outliers were used (n=545 
Results
131
3.1.Population characteristics
132
The main population characteristics and obstetric and newborn parameters, by residential area (Rural 1, Rural 2, Rural 3 and Urban) are 133 presented in Table 1 . Most of the characteristics among the four groups were significantly different. Three hundred and fifty women (64%) lived in a rural area, and 200 (36%) in an urban area. Collectively among the rural participants, women had a mean age of 24.5 ± 6.3 years; were 135 mostly single (73%) and more than a third had reached tertiary education (38%). A large majority of participants were unemployed (86%), lived 136 in formal housing (83%) and owned their homes (94%). Wood (32%) and electricity (57%) were fuels used often for cooking. Rural mothers 137 sourced their potable drinking water predominantly from a communal outside tap (71%), however untreated borehole water (10%) and water 138 from a river or stream (9%) was also used. There were no significant differences between the socio-economic characteristics of women living in
139
Rural groups 1, 2 and 3.
140
Urban participants were slightly older (mean age: 26.1 ± 6.3 years) and more than half were married or living together (58%). Most of the 141 participants (91%) had reached secondary level of education, and tertiary education was minimal (only 7.6%). Sixty two percent were 142 unemployed and less than a third (31%) rented their home. More than half of the participants lived in formal housing (57%) and 21% lived in 143 informal housing. Electricity (97%) was the predominant fuel used for cooking. Potable drinking water was sourced from both outdoor (67%) 144 and indoor (33%) taps only, with no water being sourced from rivers or streams.
145
The mean (± SD) distance to the nearest highway from rural homes collectively was 3.3 (6.9) km compared to 0.8 (1.3) km from urban homes.
146
A large majority of women (74%) living in Rural 3 and 48% of women living in Urban area perceived the air quality to be bad in their 147 neighbourhood. Similarly women living in Rural 3 (58%) and Urban area (49%) perceived the air quality in their neighbourhood to be poor.
Urban participants were more exposed to passive smoking in their households, compared with collective rural participants (48% versus 32%,
149
Chi-square p-value < 0.001). 
3.2.Obstetric and newborns parameters 151
Obstetric and newborns parameters are indicated in Table 1 . In the total study population, half of the mothers were primiparous (54% 
167
Maternal PbB levels were highest among women in Rural 1 (GM, 2.4 µg/dL), followed by Rural 3 and 2 respectively (GM, 1.6 µg/dL and GM, 168 1.5 µg/dL). Urban women reported the lowest PbB levels (GM, 1.0 µg/dL) (Kruskal-Wallis rank test, p=0.001). Cord PbB levels were highest 169 among women living in Rural 1 (GM, 1.7 µg/dL) followed by Rural 2 and 3 respectively (GM, 1.2 µg/dL, GM,1.1 µg/dL Table 3 shows the geometric mean (GM) of MnB levels presented in relation to selected environmental and dietary characteristics for the study In the final multivariate model ( . However, these concentrations were much lower than those reported in comparable studies from China (mean 55 µg/L) and France (mean 23 µg/L) 31, 32 . Mn levels at different stages of pregnancy were not reported in the current study. However, studies have shown
205
that Mn levels are found to be at their highest at delivery and postpartum, and are an indication of prenatal exposure 20, 30 .
206
The current study found regional differences in MnB concentrations with significantly higher mean MnB levels in rural women compared to 207 urban women. In the rural study cohort, Mn was also measured in the respective umbilical cord blood samples, and the Mn levels in cord bloods 208 were found to be double those found in the respective maternal samples. These findings are in agreement with the outcomes of the pilot of this 209 study and other investigations, except that no significant correlation was found between maternal and the respective cord blood Mn levels, as has 210 been reported in other studies 12, 30 . Some studies have found some correlation between maternal MnB levels and birth outcomes such as birth 211 weight and head circumference; however, these correlations were not evident in the current study cohort 15.31 .
213
Thus, this study found that rural woman, residing further away from busy roads, had higher MnB levels, when compared with urban participants 214 who lived very close to major roads. A possible explanation for this finding may be major differences in climatic conditions in the rural study 215 areas (subtropical and situated along the Indian Ocean), compared to the urban study area (cooler and situated along the Atlantic Ocean); these 216 climatic differences may influence the atmospheric transport and dispersion rates for Mn and other contaminants. It is evident from the current investigation that other environmental and dietary factors may influence bioavailability of Mn during pregnancy.
222
According to others research reports, higher MnB levels were found in women residing close to agricultural areas where pesticides are regularly 223 sprayed 21, 30, 36 . In contrast, the present study found lower MnB concentrations in women who reported using pesticides in their gardens and 224 resided close to agricultural areas. This may be due to differences in the types of pesticides used in South Africa which may not contain Mn.
225
This study also found that exposure to passive smoking in the household increased MnB concentrations, although this was not confirmed in the 226 multivariate model. As far as diet is concerned, this study found that consuming leafy vegetables at least once a week increased MnB levels, once a week and 30% indicated daily consumption of meat which may be protective against anaemia ( aware and educated about the health risks of using unsuitable containers for water collection and storage.
247
In the final multivariate analysis, the source of drinking water; consumption of leafy vegetables once a week; and higher PbB levels and younger 248 maternal age were all positively associated with increased MnB concentrations. On the other hand, consumption of meat once a week showed a negative association, possibly due to the potentially protective effect of iron uptake. The positive association between MnB and PbB
250
concentrations in the population of this study was found and may suggest same sources for women living in Rural 1 and Rural 2.
251
Recent studies have shown evidence of synergism between Pb and Mn in early childhood development at 12 and 24 months, and impacts on full-252 scale and verbal IQ among school-age children, which was not examined in the present study 38, 39 . This synergism between Mn and Pb warrants 253 further investigation due to its associated public health implications.
255
Some of the limitations identified for this study are the potential discrepancies in self-reported data on diet and consumption frequency, as well 256 as perceptions around air quality and environmental pollution. 
Conclusion
259
This study found regional differences in concentration of manganese at delivery in South African communities, and characterised environmental 260 and dietary contributors. It also highlighted the need to investigate possible co-exposure to a mixture of toxicants (e.g. Mn and Pb) in prenatal 261 and postnatal stages when assessing subsequent childhood development. 
